ABSTRACT In the wasp Trypoxylon malaisei Gussakovskji, mating occurs among siblings that have emerged from the same nest (local mate competition). Although local mate competition theories predict that mothers should produce the minimum number of sons sufÞcient to inseminate all daughters in each nest, 30% of nests that we examined contained only females, and 5% contained only males. We examined three nest properties (brood size, length of the unoccupied space, and thickness of the outermost wall) to determine whether a nest was complete. All-female nests had smaller brood sizes, larger unoccupied spaces, and thinner outermost walls than mixed-sex nests, suggesting that all-female nests were incomplete. All-male nests had brood sizes and unoccupied spaces similar to those of all-female nests, although the thickness of the walls was inconsistent. We discuss problems arising from the inclusion of incomplete broods in analyzing sex-ratio data.
FEMALE-BIASED SEX RATIOS are favored if the offspring of one or several mothers mate among themselves within a natal patch before dispersal. This situation is termed local mate competition (Hamilton 1967) ; theoretically, the mother should produce the minimum number of sons sufÞcient to inseminate all of her daughters in each patch. In other words, each clutch should contain both males and females (Hamilton 1967 , Hartl 1971 , Green et al. 1982 , West and Herre 1998 . Under extreme conditions of local mate competition, the production of single-sex broods inevitably reduces the Þtness of the mother, because daughters that emerge from all-female broods remain uninseminated and therefore produce only males, resulting in no Þtness gains (Green et al. 1982 , Godfray and Hardy 1993 , Nagelkerke and Hardy 1994 , Hardy et al. 1998 . Similarly, sons that emerge from all-male broods are likely to remain mateless. Even if some proportion of nonlocal mating occurs (partial local mate competition; Nunney and Luck 1988) , a foundress producing single-sex broods reduces her Þtness. Under partial local mate competition, daughters and sons that emerge from single-sex broods can outbreed. However, a foundress is less closely related to the offspring produced by outbred daughters than to offspring produced by inbred daughters, and sons that mate outside their natal patch must compete for mates more intensively than is the case within their natal patch. Despite the potential disadvantages, single-sex broods are often documented in Hymenoptera (e.g., bethylid parasitoids) under conditions of local mate competition (Gordh and Evans 1976 , Morgan and Cook 1994 , Hardy and Cook 1995 , but no consistent explanation for this has been proposed (Hardy and Cook 1995) .
In a recent study, we found that sex ratios of the wasp Trypoxylon malaisei Gussakovskji were femalebiased because of local mate competition (Oku and Nishida 1999) . However, Ϸ30% or 5% of the broods contained only females or males, respectively, even at the time of oviposition (Oku and Nishida 1999) . T. malaisei females nest in tube-like insect borings or hollow dead graminaceous stems, such as cut bamboo. The nest constructed within the tube consists of linearly arranged cells separated by mud walls (Fig. 1) . Generally, females and males emerge from inner and outer cells, respectively, and these nests are abbreviated as IFOM (inner female and outer male) nests. The mothers begin nesting from the inner part of the tube, so female eggs are laid before male eggs (Nambu 1966 , Iwata 1976 , Oku and Nishida 1999 , as in other species of trap-nesting wasps (Krombein 1967, Jayasingh and Taffe 1982) . In T. malaisei, each nest is considered a "patch," in which siblings mate among themselves. The sexually nonrandom oviposition sequence of T. malaisei secures at least one male in each nest, as long as the mother completes nesting normally. However, all-female broods might occur if the mother abandoned her nest before laying male eggs as a result of an accident, such as abrupt weather changes or death. However, all-male broods might be produced by uninseminated or sperm-depleted females (constrained females; Godfray 1988 Godfray , 1990 . This may explain why all-female (AF) and all-male (AM) nests occur, and suggests that AF nests are incomplete, whereas AM nests are abnormal. An alternate hypothesis is that some selective advantage produces singlesex nests, and that single-sex nests are in fact complete and normal.
It is critically important to identify whether AF and AM nests are complete and produced by inseminated mothers to explain single-sex broods from an adaptive point of view. If both AF and AM nests are complete and normal, then conventional local mate competition theory cannot explain such single-sex broods. For this reason, we investigated three characteristics of nest structure that would be affected by whether the nests are complete and normal: (1) brood size, (2) length of the unoccupied space between the nest entrance and the outermost wall, and (3) thickness of the outermost wall.
Materials and Methods
Study Area. The study area, spanning Ϸ10 km northsouth and 3 km east-west, was located along the eastern hill slopes (80 Ð300 m elevation) of Kyoto City, Japan. Within this area, we chose 10 study sites. All study sites were protected from rainfall by wooden buildings, such as shrines or barns; T. malaisei preferentially construct their nests in such places (Oku and Nishida 1999) .
Sampling of Nests. We used trap-nests made of bamboo shoots (3Ð12 mm in diameter and 200 Ð 400 mm in length) sectioned below each node. Each trap-nest was placed into one of 50 lattice holes in a plastic latticework (250 by 400 by 150 mm). This method allowed us to remove and replace trap-nests freely without changing the position of the nest.
We placed 100 trap-nests at each study site in midJune 1994, and observed the nesting behavior of T. malaisei every week through mid-September. Because T. malaisei eggs take about 2 wk to develop into pupae, we collected occupied bamboo shoots and brought them to the laboratory 2 wk after nesting behavior was Þrst observed. In the laboratory we recorded nest length, brood size (number of eggs per nest), and the length of the unoccupied space between the outermost wall and the entrance of the bamboo tube. In addition, we used calipers to measure the thickness of the outermost and second outermost walls to the nearest 0.05 mm. After taking measurements, each pupa was removed from the nest and placed into a transparent vinyl tube (9 mm in diameter, 40 mm in length) and both ends of the tube were plugged with absorbent cotton. Pupae were reared at 25ЊC and a photoperiod of 16:8 (L:D) h until adult emergence. Sex, date of emergence, and cell position were recorded after the wasps emerged.
Comparison of Nest Structure Among Nest types. We compared nest structure among three nest types: AF, AM, and IFOM nests. For this analysis we selected nests whose sexual composition was identiÞed from among 571 nests collected in 1994, because the nest type could not be assigned without Þrst knowing the sexual composition. Sexual composition was readily identiÞed for 122 nests that did not suffer from any developmental mortality. Furthermore, based on the sexually nonrandom oviposition sequence, we estimated the sexual composition of an additional 38 nests that had suffered developmental mortality. Based on the observation that female eggs of T. malaisei are laid in interior cells rather than male eggs, some dead individuals could be sexed. For example, if a female emerged from the ith cell, we determined that the individuals in the Þrst to (i Ð 1)th cells were female. Similarly, if a male emerged from the (i ϩ 1)th cell, individuals emerging from cells farther out were identiÞed as male, even if they died during early development. The two sexes were found in an irregular order in only one nest, which was excluded from the analysis. Consequently, 160 nests were analyzed.
We examined three characteristics of nest structure: brood size, length of the unoccupied space, and thickness of the outermost wall. If AF nests are incomplete, but IFOM nests are complete, then the brood size should be smaller in AF nests than in IFOM nests. In addition, the length of the unoccupied space (Fig. 1) should be longer in AF nests than in IFOM nests. Furthermore, the outermost wall should be thicker in IFOM nests than in AF nests. Thick outermost walls might be advantageous to trap-nesting wasps and bees to protect them from parasitoids, such as Melittobia (gregarious parasitoid wasps), which invade nests by digging into the mud walls after the nests are completed (Krombein 1967 , Itino 1986 ). The outermost wall differs structurally from the other walls in the nest of some trap-nesting wasps and bees (Coville and Coville 1980 , Jayasingh and Taffe 1982 , Vinson and Frankie 2000 . If AF nests are complete, then these three characteristics should not differ between IFOM and AF nests. If constrained females produce AM nests, then the structure of these nests may or may not differ from IFOM nests.
These three nest characteristics were compared between single-sex nests and IFOM nests. We also compared the thickness of the outermost wall to the second outermost wall in each nest. We considered the second outermost wall to be representative of the remaining inner walls. Because the second outermost wall was undoubtedly completed during nesting, it should be similar in thickness to the outermost wall of incomplete AF nests. Data are shown as the mean Ϯ SE. The female constructs the nest. Spider prey is stored in the innermost part of a tube. When the female has completed provisioning the nest, the tube is partitioned by a mud wall. These construction steps are repeated toward the tube entrance, sometimes inserting empty cell(s). This Þgure shows a nest containing four complete and two empty cells (cell number ϭ 3 and 5). Female eggs are laid in the inner cells (cells 1, 2, and 4), and male eggs are laid in outer cells (cell 6).
Results
Brood size was signiÞcantly smaller in both AF and AM nests than in IFOM nests ( Fig. 2 ; Scheffé test; P Ͻ 0.001). The unoccupied space was signiÞcantly longer in both AF and AM nests than in IFOM nests ( Fig. 3 ; Scheffé test; P Ͻ 0.05). However, the nest-tube length per se might affect the length of the unoccupied space, and wasps may therefore preferentially construct single-sex nests in longer bamboo traps. To examine this possibility, we compared tube length among the nest types, but we found no signiÞcant differences (258.34 Ϯ 5.35 mm; n ϭ 104 in IFOM nests; 258.77 Ϯ 8.39 mm; n ϭ 51 in AF nests; 231.40 Ϯ 12.02 mm; n ϭ 5 in AM nests; F ϭ 0.571; P Ͼ 0.56). These Þndings indicate that AF and AM nests had a longer unoccupied space than did IFOM nests, regardless of the length of the nest tube.
Before analyzing wall thickness, the data for the second outermost walls were compared among nest types. The second outermost walls were signiÞcantly thicker in AM nests than in both AF and IFOM nests (0.59 Ϯ 0.03 mm; n ϭ 90 in IFOM nests; 0.58 Ϯ 0.04 mm; n ϭ 30 in AF nests; 1.10 Ϯ 0.00 mm; n ϭ 2 in AM nests; Scheffé test; P Ͻ 0.05). Therefore, we divided the data for the second outermost wall into two categories: AM nests, and AF and IFOM nests combined.
The thickness of the outermost wall differed significantly among the nest types and between wall positions (Fig. 4) . The outermost wall of IFOM nests was signiÞcantly thicker than both the outermost wall of AF nests and the second outermost walls of pooled AF and IFOM nests (Scheffé test; P Ͻ 0.001). In contrast, the outermost wall of AF nests was as thick as the second outermost wall of pooled AF and IFOM nests. No other signiÞcant differences were found among nest types and among wall positions (P Ͼ 0.05).
Discussion
The differences in nest structure between AF and IFOM nests supported our hypothesis that AF nests are incomplete: brood size was smaller, the unoccupied space was longer, and the outermost wall was thinner in AF than in IFOM nests. Of particular importance, the wall thickness was almost identical between the outermost walls of AF nests and the second outermost walls of pooled AF and IFOM nests. These Þndings suggest that interrupted nesting leads to AF nests.
Under strict local mate competition, producing allfemale broods is highly disadvantageous, because females emerging from all-female broods cannot produce daughters, and thus have zero Þtness (Green et al. 1982 , Godfray and Hardy 1993 , Nagelkerke and Hardy 1994 . In trap-nesting wasps, the degree of inbreeding was estimated at 37% in Euodynerus foraminatus (Cowan 1979 ) and 91% in Ancistrocerus antilope (Chapman and Stewart 1995) . Thus, partial local mate competition appears to be ubiquitous in Fig. 3 . Lengths of the unoccupied space between the outermost wall and the nest entrance in IFOM, AF, and AM nests (mean Ϯ SE). Different letters denote a signiÞcant difference (P Ͻ 0.05, Scheffé test). Numbers in parentheses indicate the number of nests examined. trap-nesting wasps, and is therefore also likely the case in T. malaisei, because males develop wings and ßy around their natal nests for several days after emergence (S.O., unpublished data), probably to mate with nonsibling females. However, if some proportion of nonlocal mating occurs, and daughters emerging from AF nests can outbreed, then the Þtness of a mother that produced an AF nest should decrease. This is because offspring produced by inbreeding daughters are more closely related to the grandmother than offspring produced by outbreeding daughters. Thus, it is difÞcult to Þnd any adaptive signiÞcance in producing AF nests. Our previous study (Oku and Nishida 1999) revealed that female eggs were laid in inner cells and male eggs were laid in outer cells. This sexually nonrandom oviposition sequence and the differences in nest structure both suggest that accidental or nonadaptive reasons are responsible for the occurrence of AF nests in T. malaisei.
It remains unclear why nesting is interrupted and AF nests are produced. If that is the case, various accidental factors interrupt nesting in trap-nesting wasps and bees, including interference among individuals (Sakagami et al. 1990 ), sudden disorientation (Tepedino and Torchio 1994) , invasion of parasites (Jayakar and Spurway 1968) , and death of the mother while foraging (Jayasingh and Taffe 1982) . More detailed information on the nesting behavior of T. malaisei is necessary to elucidate which factors interrupt nesting.
AM nests were fairly rare (5%) and the nest structure seemed to contradict our expectations. The brood size and the length of the unoccupied space were similar to AF nests, whereas the second outermost wall was thicker than that of both IFOM and AF nests. Moreover, AM nests often contained cells that had no eggs, but were provisioned with several spiders, and occasionally cells had incomplete walls (S.O., unpublished data). All this evidence suggests that the AM nests are abnormal, and were perhaps produced by constrained females.
If AF nests are incomplete, and the sexual composition of their broods is nonadaptive, then data for AF nests should be excluded from analyses of primary sex ratios. Supposing that the oviposition sequence is sexually nonrandom, then inclusion of the incomplete broods would cause the following two problems. First, evolutionarily stable sex ratios could not be measured accurately. The observed sex ratios would be biased toward the earlier produced sex, i.e., females in T. malaisei. This bias would make quantitative examination difÞcult. Second, if some fraction of outbreeding occurs and the oviposition sequence is sexually nonrandom, then the sex allocation strategy of each mother would be affected by the presence of incomplete broods, because these broods would bias population sex ratios toward the sex produced earlier. The biased population sex ratios would result in sexual asymmetry of reproductive values in partially outbreeding populations. Under this sexual asymmetry, selection would favor the later produced sex (less female-biased sex ratios in T. malaisei). The presence of AM nests also biases population sex ratios toward males, and female-biased sex ratios are favored for inseminated females (Godfray 1988 (Godfray , 1990 . However, the broods of AM nests were small (Fig. 2) , and their frequency is quite low (Ϸ5%, Oku and Nishida 1999) . Thus, AM nests should have little effect on sex allocation strategies in T. malaisei.
Many hymenopterans, including trap-nesting wasps and bees (Krombein 1967 , Gerber and Klostermeyer 1970 , Jayasingh and Taffe 1982 , Maeta and Sugiura 1990 , Kim 1992 ) and some parasitoids (Hardy 1992) , lay eggs in a sexually nonrandom sequence. Although no detailed mating structures are known in most of these insects, cases of strict local mate competition are rare. Even if local mate competition occurs, a certain fraction of the females of some trap-nesting wasps (Cowan 1979 (Cowan , 1981 Chapman and Stewart 1995) and parasitoids (Hardy 1994 ) mate outside their natal patch. Further research into the mating behavior and the genetic structure of mating groups is necessary to test whether the presence of incomplete broods affects sex allocation strategy in T. malaisei.
